A reduction in the number of digits has evolved many times in tetrapods, particularly in cursorial mammals that travel over deserts and plains, yet the underlying developmental mechanisms have remained elusive. Here we show that digit loss can occur both during early limb patterning and at later post-patterning stages of chondrogenesis. In the 'odd-toed' jerboa (Dipus sagitta) and horse and the 'even-toed' camel, extensive cell death sculpts the tissue around the remaining toes. In contrast, digit loss in the pig is orchestrated by earlier limb patterning mechanisms including downregulation of Ptch1 expression but no increase in cell death. Together these data demonstrate remarkable plasticity in the mechanisms of vertebrate limb evolution and shed light on the complexity of morphological convergence, particularly within the artiodactyl lineage.
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A reduction in the number of digits has evolved many times in tetrapods, particularly in cursorial mammals that travel over deserts and plains, yet the underlying developmental mechanisms have remained elusive. Here we show that digit loss can occur both during early limb patterning and at later post-patterning stages of chondrogenesis. In the 'odd-toed' jerboa (Dipus sagitta) and horse and the 'even-toed' camel, extensive cell death sculpts the tissue around the remaining toes. In contrast, digit loss in the pig is orchestrated by earlier limb patterning mechanisms including downregulation of Ptch1 expression but no increase in cell death. Together these data demonstrate remarkable plasticity in the mechanisms of vertebrate limb evolution and shed light on the complexity of morphological convergence, particularly within the artiodactyl lineage.
Tetrapod limbs evolved adaptations for running, swimming, flying and many other tasks, each reflected in functional modifications to their morphology. Digit reduction, a decrease in the number of digits from the basal pentadactyl (five-digit) morphology, arose repeatedly in tetrapod evolution 1 . There are two plausible developmental mechanisms by which this could take place. The first would be to specify fewer digit primordia during the time when developmental fates are patterned in the early limb bud. The second would be to initially organize the limb bud in a normal pentadactyl pattern but then fail to elaborate the full set of digits by resculpting the nascent limb through differential proliferation or cell death.
To date, the molecular developmental mechanism of evolutionary digit reduction has been explored in only one tetrapod group, the skinks of the genus Hemiergis. Distinct species of Hemiergis range in digit number from two to five 2, 3 , with evolutionary progression to fewer digits correlating with increasingly early termination of Sonic hedgehog (Shh) expression in the posterior limb bud 4 . Shh serves a dual purpose in limb development, both to pattern the digits and to expand the hand and foot plates to allow for the formation of a full complement of digits [5] [6] [7] . Experimental truncation of the developmental timing of Shh expression removes digits in the reverse order of their formation 7 , consistent with a mechanism first suggested by Alberch and Gale 8 , thus providing a convenient way to evolutionarily tweak digit number without disturbing the overall structure of the limb. However, this mechanism would not, in a simple manner, generate the symmetrical reduction of anterior (pre-axial) and posterior (post-axial) digits seen, for example, in the evolution of the horse lineage.
To investigate how digit reduction evolved in other adaptive contexts we examined the mode of digit loss in a bipedal three-toed rodent and in three ungulates: the single-toed horse, an odd-toed ungulate or perissodactyl, and the pig with four toes and the camel with two, each representing the even-toed ungulates or artiodactyls (Fig. 1a, b) .
Mechanisms of digit loss in the three-toed jerboa
We first focused on the three-toed jerboa, D. sagitta (Fig. 1f) . This species has several advantages in identifying meaningful alterations to ancestral developmental mechanisms. First, it has a close evolutionary relationship to the laboratory mouse and to a five-toed species of jerboa, Allactaga elater 9 (Fig. 1d) . Moreover, digit loss in D. sagitta is limited to the hindlimb whereas forelimbs maintained five fully formed fingers 10, 11 . This provides a unique opportunity to identify differences specific to morphological divergence of the hindlimb among a potential abundance of species-specific modifications shared in the development of both sets of paired appendages.
In the adult D. sagitta, the three central metatarsals are fused into a single element that trifurcates distally and articulates with each of the three digits 10 . However, in the neonate, alcian blue and alizarin red staining of the chondrogenic skeleton reveals that the three complete digits and their associated metatarsals are flanked by small, truncated cartilage remnants of the first and fifth metatarsals ( Fig. 1c and Extended Data Fig. 1 ). This suggests that at least the proximal-most portion of each of the five digit rays is patterned early in development and that digits I and V are either not fully patterned distally or are truncated at a subsequent differentiation stage.
To gain a better sense of when the patterning and/or morphogenesis of the lateral digits begins to diverge in the three-toed jerboa hindlimb, we compared the contours of various staged limb buds between mice and D. sagitta. We found that when scaled for size, the forelimbs of mice and three-toed jerboas are consistently identical in morphology. In contrast, the D. sagitta hindlimb starts to be noticeably narrower as early as 11.5 days post conception (dpc) (Extended Data Fig. 2 ).
Accordingly, we conducted an expression screen of a series of genes known to be involved in limb patterning just before and at the time of morphological divergence in hindlimb bud shape. None of the patterning genes we examined showed an obvious difference in expression in the D. sagitta hindlimb, including Shh, Ptch1, Gli1 and HoxD13 (Fig. 2a, b) . Turning to post-patterning stages, cell proliferation was assessed by phospho-histone H3 antigen detection. However, we did not see a decrease in proliferation in the hindlimb of the three-toed jerboa, either at early stages of autopod expansion or later during digit outgrowth in any domain of the developing limbs (Extended Data Fig. 3 ). In contrast, we saw derived expanded domains of TdT-mediated dUTP nick end labelling (TUNEL)-positive nuclei, a marker for programmed cell death, specific to the jerboa hindlimb as early as 12.5 dpc (Extended Data Fig. 6 ). These domains further expand by 13.5 dpc to encompass all of the tissue distal to what would become the truncated cartilage condensations (Fig. 3b) . Thus digit loss in this species appears to result from the sculpting of anterior (pre-axial) and posterior (post-axial) tissues at the distal ends of properly patterned nascent digits.
Apoptosis is used in basal tetrapods to sculpt the digits, removing interdigital tissue late in limb development 12 . This suggests that a potential evolutionary route for achieving cell death in the D. sagitta hindlimb digit I and V primordia might be through co-option of the apoptotic pathways normally used to direct interdigital cell death. The transcription factor Msx2 is strongly expressed in the interdigital tissue of the embryonic mouse and chicken 13 , and retroviral misexpression in chicken embryos induces a striking increase in cell death and loss of cartilaginous digit condensations 14, 15 . We found that Msx2 is strongly expressed in the D. sagitta hindlimb in tissue surrounding and distal to the truncated first and fifth metatarsals and completely overlaps with domains of TUNEL-positive nuclei (Fig. 4a-c) . In different contexts within the limb bud, the secreted protein Bmp4 can act both upstream and downstream of Msx2 15, 16 . We observe a transient spatial increase of Bmp4 expression specific to the D. sagitta hindlimb autopod starting at 12 dpc that resolves at 12.5 dpc into two strong and discrete domains of expression precisely prefiguring the proximal positions of the first and fifth digits (Extended Data Fig. 4 ). However, Msx2 is expanded in the D. sagitta hindlimb before expanded Bmp4 expression, as early as 11 dpc (Extended Data Fig. 5 ). This is when the D. sagitta hindlimb first shows signs of narrowing relative to limbs that will develop five digits (Extended Data Fig. 2 ), consistent with altered Msx2 expression potentially being the primary causal mechanism of digit loss in this species.
As the interdigital tissue begins to undergo apoptosis during mouse limb development, Fgf8 expression is lost in the overlying apical ectodermal ridge (AER), whereas Fgf8 expression is maintained above the growing digits (Fig. 5a ). Fgf8 is both necessary and sufficient for digit outgrowth in mouse and chicken embryos [17] [18] [19] [20] . From about 12.75 dpc in the D. sagitta hindlimb, Fgf8 expression regresses away from the posterior and then anterior AER as well as the interdigital domains, persisting only over the digits that continue to develop to completion (Fig. 5a, b and Extended Data Fig. 6 ). 
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Convergence of post-pattern sculpting in the horse
The three-toed jerboa hindlimb remarkably resembles the limb structure of some of the early ancestral equine species with three toes 21 . To test possible mechanisms for digit reduction in the horse, we once again started by examining the expression of genes known to be involved in patterning the early limb bud. We observed no obvious differences in expression of Shh, Ptch1, Gli1 or HoxD13 relative to those previously described in mice (Fig. 2c) . In contrast, we did observe TUNEL-positive nuclei entirely surrounding the central toe and within the distal ends of nascent Sox9 1 truncated condensations of metacarpals 2 and 4 ( Fig. 3g, h ), a condition not observed in mouse (Fig. 3e, f) . Moreover, we found expanded Msx2 expression in domains correlating with those regions of anterior and posterior cell death (Fig. 4d) . We also observed increased posterior expression of Msx2 earlier in development (Extended Data Fig. 5 ) and distal expansion of Bmp4 in both forelimbs and hindlimbs (Extended Data Fig. 4 ) similar to D. sagitta hindlimbs. Fgf8 expression is . c, 45 dpc camel forelimb (n 5 1 embryo). d, Approximately 13.5 dpc five-toed jerboa, A. elater, hindlimb (n 5 2 embryos). e, Mouse at 13.5 dpc with Sox9 and TUNEL (n 5 3 embryos). f, Magnification of boxed region in (e). g, 34 dpc horse forelimb (n 5 3 embryos). h, Magnification of boxed region in (g). i, 42 dpc camel forelimb (n 5 2 embryos). j, Magnification of boxed region in (i). Scale bar, 0.5 mm in a is also the same for b-d, e, g and i. Scale bar, 0.1 mm in f is also the same for h and j. a-e, Forelimb and hindlimb of 13 dpc mouse (n 5 3 embryos) (a); approximately 13 dpc five-toed jerboa, A. elater (n 5 2 embryos) (b); approximately 13 dpc threetoed jerboa, D. sagitta (n 5 2 embryos) (c); 34 dpc horse (n 5 2 embryos) (d); 42 dpc camel (n 5 1 embryo) (e). Scale bar, 1 mm.
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also maintained in the horse AER only over the nascent central digit III (Fig. 5d) . Thus, in the horse as in the three-toed jerboa, digit reduction appears to have a post-patterning contribution involving expanded domains of lateral apoptosis, possibly in part through similar molecular mechanisms. It is probable that mechanisms yet to be identified eliminate the first and fifth digits while a jerboa-like carving away of digits II and IV occurs by transforming cells from a chondrogenic to an apoptotic fate. A more extensive investigation of early patterning may be worthwhile with additional precisely staged early horse embryos.
Plasticity in artiodactyl digit loss
The even-toed ungulates present yet another opportunity to explore the possible convergence of digit reduction mechanisms in the context of additional skeletal remodelling. The distal artiodactyl limb has shifted the central axis of symmetry from digit III in the ancestral mesaxonic limb to a derived paraxonic limb where the axis of symmetry runs through the interdigital space between digits III and IV
22
. To explore whether digit loss in these species occurs via patterning and/or post-patterning changes, we obtained embryos from two species of artiodactyls, the pig and camel. While this work was in progress, we learned of similar studies by Lopez-Rios et al. 23 in a third artiodactyl species with convergent digit loss to two toes, the cow. The accompanying paper 23 identifies a gene regulatory control region for Ptch1 expression in the limb that is altered in the cow. The resulting expression of Ptch1 is reduced and more posteriorly restricted than in non-artiodactyl species. One role that Ptch1 expression serves is to restrict the movement of the morphogen Shh across the limb bud 24, 25 . As a consequence of the change in Ptch1 expression in the cow, Shh targets, including Gli1 and the Hoxd genes, are expressed more uniformly across the limb bud 23 . Mice in which Ptch1 expression is reduced in the limb display similar changes in downstream genes and a concomitant shift in the central axis of the limb to the space between digits III and IV and loss of the first digit 26 . Importantly, after learning of our results with the threetoed jerboa and horse, Lopez-Rios and colleagues looked closely and saw no evidence of expanded apoptosis in the developing cow limb 23 . Together these results suggest that, as in Hemiergis, the even-toed ungulates might have lost digits through a Shh-dependent patterning mechanism, albeit by a different genetic alteration, allowing the digits to be lost in an asymmetrical manner in the artiodactyls.
As would be expected if mutations affecting Ptch1 regulation play a prominent role in artiodactyl limb evolution, we find Ptch1 expression in the pig is also posteriorly restricted and downregulated concomitant with an upregulation of Gli1 (Fig. 2f) . Furthermore, as in the cow, there is no evidence of increased cell death in developing pig limbs 27 . Surprisingly, however, Ptch1 expression is not downregulated and restricted in the camel and is instead expressed much like non-artiodactyls (Fig. 2e) . In addition, Shh, Gli1, and HoxD13 exhibit ancestral patterns of expression indicating early patterning of the digit field by this subset of molecules is conserved in the camel (Fig. 2e) . In contrast, when we examined patterns of cell death in the camel, we found expansive apoptosis throughout outgrowths of tissue flanking digits III and IV at 45 dpc ( Fig. 3c) as well as at 42 dpc within small Sox9 1 pre-cartilaginous nodules in the positions of missing digits II and V (Fig. 3i, j) . As in the three-toed jerboa and horse, this correlates with domains of Msx2 expression in the anterior and posterior limb bud at the time of digit condensation (Fig. 4e) , though earlier expression of Bmp4 and Msx2 does not correlate, suggesting a distinct initiating mechanism for camel (Extended Data Figs 4 and 5) .
Regardless of the mechanism by which digit loss occurs, at patterning or post-patterning stages, Fgf8 expression is lost from the AER anterior and posterior to the digits that continue to develop in the pig, camel (Fig. 5c, e) , and cow 23 , as seen with the three-toed jerboa and horse. Loss of Fgf8 from the anterior and posterior AER in the pig and cow, two species that lack expanded domains of cell death, uncouples this expression change from the direct cause of apoptosis and may instead reflect an independent requirement for its elimination to allow for digit termination in all species.
Discussion
These data indicate that at least two mechanisms of digit reduction are employed in the even-toed ungulates, one (exemplified by the pig and cow) involving changes in early patterning by Shh and not involving apoptosis, and a distinct mechanism (seen in camels) involving changes in domains of apoptosis that resculpt the limb after the patterning phase. These data do, however, present a paradox in the context of the wellestablished artiodactyl phylogeny and fossil record (Fig. 1b) . Although the morphology of the cow and pig is remarkably similar to the mouse phenotype when Ptch1 is lost from the limbs, both in the reduction of digits and shift in the symmetry of toes to the interdigit of III-IV 23 , it can not have been responsible for both phenotypes in the artiodactyls as they occurred at different stages evolutionarily. The change in Ptch1 regulation seen in both pigs and cattle indicates that it was probably present in their last common ancestor. As such, it cannot have been solely responsible for the loss of digit 1, as this occurred convergently in these two lineages. Indeed, digit reduction occurred at multiple independent times within the artiodactyl clade (Fig. 1b, orange circles) , as the stem group of each major lineage was pentadactyl at least in the forelimb 28 . The common ancestor of pigs and cattle would also have been ancestral to the hippos and their cetacean relatives, the dolphins and whales (Fig. 1b) . Like extinct basal artiodactyls, hippos and basal cetaceans have a relatively small first digit 22, 27, 29 . Thus, a restriction of Ptch1 in a basal member of the group including pigs, hippos, cetaceans, and cattle may have served to reduce the size of the first digit and predispose the limb to further digit loss.
Perhaps even more striking is the absence of altered Ptch1 regulation in the camel. Without this information, one might have speculated that the a-e, Forelimb and hindlimb of 13 dpc mouse (n 5 3 embryos) (a); approximately 13 dpc three-toed jerboa, D. sagitta (n 5 3 embryos) (b); 25 dpc pig (n 5 2 embryos) (c); 34 dpc horse hindlimb (n 5 2 embryos) (d); 42 dpc camel forelimb (n 5 1 embryo) (e). Scale bar, 1 mm.
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Ptch1 mutation was responsible for the reorientation of the axis of symmetry in artiodactyls similar to the mutant mouse. However, the shift in the position of digits from mesaxonic to paraxonic is believed to be ancestral to the split of modern artiodactyl suborders (and indeed is a defining characteristic trait for this clade [30] [31] [32] ) (Fig. 1b, purple circle) . Given the camel evidence, one has to either conclude that the shift actually arose independently in the ancestors of the camels and those of other artiodactyl lineages, or alternatively, any role Ptch1 may have in the establishment of digit position in the pig and cow arose secondary to a separate mechanism established before the split of camels and their relatives.
The identification of several distinct molecular and cellular mechanisms of digit loss with recurring motifs suggests the developmental program of the tetrapod limb is fairly plastic. This would have provided some flexibility to allow adaptation in different circumstances and ultimately contributed to the diversity of limbs seen today.
METHODS SUMMARY
All embryos were collected in accordance with the appropriate Institutional Animal Care and Use Committee guidelines. Skeletal stainings were performed as previously described 33, 34 . Whole mount in situ hybridizations were performed for mouse, three and five-toed jerboa, horse, and camel as in ref. 35 and for pig embryos as in ref. 36 . Riboprobes were generated by PCR amplifying from cDNA of the appropriate species, cloning into pGEM-T-Easy (Promega), sequence verification, and expression testing first in mouse embryos. Primers used for probe generation and accession numbers are listed in Extended Data Table 1 . For TUNEL and immunohistochemistry (IHC), embryos were embedded in paraffin or gelatin and sectioned at 12 or 80 mm thickness. TUNEL was performed using the TMRed In situ Cell Death Detection Kit (Roche). Sox9 and PH3 IHC were each performed after boiling antigen retrieval in citrate buffer using a 1:500 dilution of rabbit anti-Sox9 (Millipore AB5535) or 1:200 dilution of rabbit anti PH3 (Cell Signal #9701) followed by a Cy2 or Alexa594 conjugated secondary respectively. Each experiment was performed in at least two limb buds (1-2 embryos per experiment). Fluorescent images were captured by confocal microscopy, and images of sequential sections were overlaid in NIH ImageJ.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper.
METHODS
Samples
All embryos were collected in accordance with the appropriate Institutional Animal Care and Use Committee guidelines. Experiments were not randomized or blinded. The age and species of each specimen is noted in the figure legends. The sex of the embryos is unknown. Mouse embryos are of the CD-1 strain. Skeletal preparation. For the mouse and jerboa samples, skeletal preparations were performed as previously described 34 . The embryos were eviscerated and fixed in 95% ethanol overnight and then in acetone overnight at room temperature. Embryos were subsequently stained overnight at room temperature in alcian/alizarin staining solution (5 ml each alcian blue and alizarin red S stock, 5 ml glacial acetic acid, 85 ml 70% ethanol). The alcian stock was: 0.3 g Alcian Blue 8GX (Sigma-Aldrich A5268) in 70% ethanol; the alizarin stock: 0.1 g Alizarin Red S (Sigma-Aldrich A5533), 5 ml H 2 O, 95 ml absolute ethanol. Embryos were then cleared in 1% KOH that was replaced with fresh solution when it turned purple. When skeletal features were visible and soft tissues only slightly blue, embryos were carried through a graded series of 25%, 50%, 75% glycerol in 1% KOH and then into 100% glycerol for imaging and storage.
For the horse and camel samples, skeletal preparations were performed as previously described 33 . The embryos were fixed in 4% paraformaldehyde in 13 PBS and dehydrated through a graded methanol series into 100% methanol for storage at 220 uC. Embryos were then rehydrated to PBS and transferred to 0.1% ammonium hydroxide in 70% ethanol overnight to bleach. Embryos were then washed twice for an hour in acid alcohol (5% acetic acid, 70% ethanol). Staining was carried out for three hours at room temperature in 0.05% alcian blue, 5% acetic acid, 70% ethanol. Embryos were washed two times for an hour in acid alcohol, cleared in 100% methanol (two times for an hour) and then transferred to BABB (1:2 benzyl alcohol: benzyl benzoate) for further clearing, imaging and storage.
For the pig samples, limbs were removed from pig embryos and stored in 100% methanol. Skin was dissected off limbs and limbs were briefly rehydrated through a methanol series into 100% PBS. Limbs were then placed in alcian blue overnight (0.02% alcian blue in ethanol and 30% glacial acetic acid). The next day limbs were washed for an hour each in 100%, 95% and 70% ethanol, then washed with deionized water for 1 h. Limbs were stained with Alizarin red (0.1% in 1% KOH) overnight. The next day the limbs were cleared in 1% KOH and solution changed every day until skeletal features were visible. Limbs were moved to glycerol for extended preservation. Whole-mount in situ hybridization. Mouse, jerboa, horse and camel in situ hybridizations were performed as in ref. 35 . Pig in situ hybridizations were performed as in ref. 36 . Probe templates for all species were generated by PCR from first strand cDNA synthesis (primers and accession numbers provided in Extended Data Table 1 ). PCR products were ligated into pGEM-T-Easy (Promega), transformed into DH5a competent cells, and plated for blue white selection on IPTG/XGal/Amp plates. White colonies were selected for sequence verification and then plasmid prepped (Qiagen). Plasmids were linearized with the appropriate restriction enzyme and then a transcription reaction was carried out using the appropriate anti-sense transcription enzyme (SP6 or T7) with digoxygenin RNA labelling mix (Roche). RNA probes were precipitated with LiCl2 and ethanol and resuspended in 50 ml nuclease-free water plus 1 ml RNase inhibitor. One microlitre of probe was run on an agarose gel to confirm probe synthesis.
All embryos for whole-mount in situ hybridization (WISH) were fixed with 4% paraformaldehyde in 13 PBS and dehydrated through a graded methanol series (25%, 50%, 75% MeOH in PBS, 100% MeOH) and stored at 220 6 C until use. Before WISH, embryos were treated with 6% H 2 O 2 in methanol for 1 h, and rehydrated through a methanol series to PBST (PBS plus 0.1% Tween-20).
After three 5-min washes in PBST, proteinase K (10 mg ml 21 in PBST) was added and embryos were incubated at room temperature for 25 (21.5 to 22.5 dpc: pigs), 35 (22.5 to 23.5 dpc: pigs), or 45 (25.5 to 26.5 dpc: pigs) minutes. Mouse and jerboa embryos were permeabilized in 10 mg ml 21 proteinase K as follows: 11 dpc for 20 min, 11.5 dpc for 22 min, 12 dpc for 25 min, 12.5 dpc for 27 min, 13 dpc for 30 min. For fgf8 WISH, embryos of all species were incubated in proteinase K for 10 min regardless of age. Camel and horse embryos in Fig. 2 were incubated for 30 min in proteinase K, camel and horse embryos in Fig. 4 for 45 min, and those in Extended Data Figs 4 and 5 for 40 min.
After permeablization, embryos were washed in PBST and then fixed for 20 min in 4% PFA/0.2% glutaraldehyde in PBST. After several washes with PBST, embryos were added to pre-warmed prehybridization solution (pig: 50% formamide, 53 SSC pH 4.5, 2% SDS, 2% Roche blocking reagent, 250 mg ml 21 tRNA, 100 mg ml 21 heparin sodium salt; other species: 50% formamide, 53 SSC pH 4.5, 1% SDS, 50 mg ml 21 yeast tRNA, 50 mg ml 21 heparin) and incubated for at least 1 h at 70 uC (pig) or 65 uC (other species). After pig embryo incubation, the pre-hybridization solution was changed to fresh with 1 ml probe added followed by overnight incubation at 70 uC. For other species, pre-hybridization solution was replaced with fresh solution containing 1:200 dilution of the appropriate probe followed by overnight incubation at 65 uC.
For pig samples, on day two, four 30-min washes in solution I (50% formamide, 23 SSC pH 4.5, 1% SDS) were performed at 70 uC. Embryos were then briefly washed at room temperature in a 50/50 mix of Solution I and MABT (100 mM maleic acid, 150 mM NaCl, 0.1% Tween-20, pH 7.5). Next, two 30-min washes were done in MABT. Embryos were then blocked in 2% blocking reagent/MABT for 1 hour. A final blocking step was done for at least 1 h in 20% heat inactivated goat serum/2% blocking reagent/MABT. Anti-DIG antibody (Roche) was added at 1:2,000 to fresh blocking solution and embryos incubated overnight at 4 uC. The next day embryos were washed all day (changing solution five times) and overnight in MABT. The following day embryos were washed in NTMT (100 mM NaCl, 100 mM Tris pH 9.5, 50 mM MgCl 2 , 0.1% Tween-20) for four 10-min washes and then placed in a BM Purple solution (Roche). During their time in BM purple, samples were wrapped in foil and monitored for the appearance of staining. After the colour reaction had reached an appropriate level, embryos were rinsed several times in NTMT, then PBST, and then fixed with 4% PFA overnight. Embryos were transferred to 1% PFA for long-term storage.
For other species, on day two, embryos were washed three times for 30 min in solution I (50% formamide, 53 SSC pH 4.5, 1% SDS) at 65 uC followed by three times for 30 min in solution III (50% formamide, 23 SSC pH 4.5) at 65 uC. Embryos were then washed three times for 5 min in TBST (13 TBS plus 1% Tween 20) and blocked for one hour at room temperature in block solution (10% heat inactivated sheep serum and 0.1% Roche blocking reagent in TBST). Embryos were then incubated overnight at 4 uC in block solution plus 1:2,500 anti-digoxygenin AP antibody (Roche). On day three, embryos were washed three times for 5 min in TBST and then five times for at least an hour each in TBST followed by overnight at 4 uC in TBST. On day four, embryos were washed three times 10 min in NTMT (100 mM NaCl, 100 mM Tris pH 9.5, 50 mM MgCl 2 , 1% Tween-20) before colouration in AP reaction mix (125 mg ml 21 BCIP and 250 mg ml 21 NBT in NTMT). Colouration was carried to completion in the dark. Embryos were then washed 10 min in NTMT followed by three times 10 min in TBST and finally overnight in TBST to reduce background and increase signal. Embryos were post-fixed in 4% paraformaldehyde for 30 min at room temperature and imaged and stored in 1% paraformaldehyde in 13 PBS. Immunohistochemistry and TUNEL. Paraformaldehyde fixed embryos for paraffin sectioning were dehydrated through an ethanol series, cleared in xylenes, and infiltrated with paraffin for embedding and sectioning. Embryos for frozen sections were paraformaldehyde fixed, dehydrated through a graded series to 100% methanol for storage and subsequently rehydrated into PBST before transfer to 15% sucrose in 13 PBS. Limbs were then dissected from the embryos and embedded in gelatin solution (7.5% gelatin and 15% sucrose in PBS) in disposable cryomolds. Blocks were frozen and stored at 280 uC until cryosectioned.
Slides for immunohistochemistry were rinsed in xylenes to dewax and rehydrated through an ethanol series to PBS (for paraffin sections) or thawed (for frozen sections) and washed twice in PBS. All immunohistochemistry was carried out after antigen retrieval in 1:100 dilution citric acid antigen unmasking solution (Vector labs) by boiling for 2 min in the microwave followed by incubation at room temperature wrapped tightly in foil and then cooling to room temperature for 20 min at 4 uC. Slides were washed in PBS (or TBS for phosphor-antibodies) and then blocked in a solution of 5% heat inactivated goat serum, 0.1% TritonX-100, 0.02% SDS in PBS (or TBS). Primary antibody was added at a concentration of 1:500 for Sox9 (Millipore AB5535) or 1:200 for phospho histone H3 (Cell Signal #9701) and slides incubated overnight in a humidified chamber at 4 uC. On day 2, slides were washed three times in PBST (or TBST) and incubated at room temperature in secondary antibody (goat anti-rabbit Alexa 594, Life Technologies) diluted 1:250 in block plus 0.1 mg ml 21 DAPI. Slides were then washed three times 5 min in PBS (or TBS) and mounted in Fluoromount-G (Southern Biotech).
For TUNEL, slides were rehydrated or thawed, washed in PBS, and then permeabilized for 10 min in 5 mg ml 21 proteinase K in PBS followed by 5 min post-fix in 4% paraformaldehyde in PBS and three washes in PBS. Slides were then incubated in TUNEL reaction mixture (Roche In situ Cell Death Detection Kit, TMRed) for 60 min at 37 uC, rinsed three times in PBS, and mounted in Prolong Gold. Slides that had been previously processed for Sox9 IHC were placed immediately into the TUNEL reaction mixture.
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